
13372 | Phys. Chem. Chem. Phys., 2017, 19, 13372--13378 This journal is© the Owner Societies 2017

Cite this:Phys.Chem.Chem.Phys.,

2017, 19, 13372

Low energy electron attenuation lengths in
core–shell nanoparticles†

Michael I. Jacobs,ab Oleg Kostko, b Musahid Ahmed b and Kevin R. Wilson *b

A velocity map imaging spectrometer is used to measure photoemission from free core–shell nano-

particles, where a salt core is coated with a liquid hydrocarbon shell (i.e. squalane). By varying the radial

thickness of the hydrocarbon shell, electron attenuation lengths (EALs) are determined by measuring the

decay in photoemission intensity from the salt core. In squalane, electrons with kinetic energy (KE) above

2 eV are found to have EALs of 3–5 nm, whereas electrons with smaller KE (o2 eV) have significantly

larger EALs of 415 nm. These results (in the context of other energy-resolved EAL measurements)

suggest that the energy dependent behavior of low energy electrons is similar in dielectrics when

KE 4 2 eV. At this energy the EALs do not appear to exhibit strong energy dependence. However, at

very low KE (o2 eV), the EALs diverge and appear to be extremely material dependent.

Introduction

Electrons scatter both elastically and inelastically as they pro-
pagate through a material. The inelastic mean free path (IMFP)
is the mean distance an electron with a specific kinetic energy
(KE) travels between inelastic scattering events.1 Understanding
the energy dependence of the IMFP in materials is important in
several different disciplines. For example, the short distance an
electron travels between inelastic collisions makes photoelectron
spectroscopy a surface sensitive technique.2,3 If the energy depen-
dence of the IMFP is known, then photoemission experiments
can be used to obtain depth-resolved chemical information by
varying the photoelectron KE.4 Likewise, the IMFP of electrons is
central to understanding photoemission heating of interstellar
dust clouds that arises from the absorption of UV radiation. The
magnitude of the electron IMFP is predicted to have a direct effect
on the extent of warming.5 Additionally, inelastic collisions of low
energy electrons with DNA produce irreversible, detrimental
effects due to bond scission reactions.6–8 The extent of this
damage is dependent on both the electron IMFP in the biological
medium as well as the cross sections for the interactions.9

Most measurements of the IMFP have been made at high KE by
depositing a thin film of material on a substrate and monitoring
photoemission from the substrate as a function of film thickness,
or by monitoring intensity of backscattered electrons.10 Measure-
ments of the IMFP of electrons with KE o 100 eV in soft materials
(such as liquids) are difficult due to experimental challenges (such

as high vapor pressures or difficulties collecting all photoelectrons
using a hemispherical analyzer). Studies examining the propaga-
tion of low KE electrons in materials generally measure the
electron attenuation length (EAL). The EAL is the film thickness
that results in a 1/e decrease in signal intensity at a given energy
compared to a non-coated substrate.1 It is closely related to the
IMFP, but because EAL convolutes elastic and inelastic scattering,
it is calculated to be 15–30% shorter (depending on the KE of the
electron and material).1,11 The first low KE EALs measurements
were made by impinging electrons onto a thin film and measuring
the resulting transmission current.12–20 These measurements
generally resulted in a single ‘‘low energy’’ EAL that was highly
material specific (for example, the low energy EALs for pentacene
and perylene were reported to be 7.5 and 80 nm, respectively).20

With the introduction of liquid jet experiments, measurements of
the EAL in high vapor pressure liquids (such as water) became
possible by either monitoring the angular dependence of photo-
emission21,22 or coupling the O1s photoionization cross-section
to the signal intensity from liquid water at different energies.23

Additionally, recent work used the angular distribution of photo-
emission from free nanoparticles to model low energy electron
IMFPs.24,25 While still somewhat experiment specific, these
energy-resolved measurements have yielded EALs that range
from 1–5 nm for 1–25 eV KE photoelectrons in water.

Two complementary techniques are typically used to study
the properties of low energy electrons in thin films: low energy
electron transmission (LEET) and photoelectron transmission.12

In LEET experiments, thin films are irradiated by electrons and
either backscattered electrons or transmission current through
the film are detected. In this technique, only the electrons that
enter (and not those that exit) the thin film are fully-defined
in terms of energy and momentum. Thus, information on an
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electron’s interactions within the film is lost because the
measured value is generally a current that is independent of
energy. Conversely, photoelectron transmission experiments
input low energy electrons into a film via photoemission from
a substrate (such as a platinum electrode). The low energy
electrons that escape the film into vacuum are then detected.

Recent work has used aerosol photoemission to study
surface chemistry,26,27 surface segregation,28,29 and electronic
properties of nanoparticles.24,25,30–32 Many of these studies
use a velocity map imaging (VMI) spectrometer and vacuum
ultraviolet light24–26,30,31,33–35 or X-rays26,32 from a synchrotron
to measure the energy and angular distributions of photo-
electrons from free nanoparticles. In this work, we use a VMI
spectrometer to measure photoemission from free core–shell
nanoparticles and measure the EAL in a liquid hydrocarbon,
squalane. By coating squalane onto nanoparticles with a
defined photoemission spectrum, we are able to measure the
EAL for 1–5 eV photoelectrons. Our measurements, when
combined with previous measurements of EAL in covalently-
bonded, soft materials, show that the EALs of photoelectrons
with 42 eV KE are roughly constant and independent of
energy. However, for electrons with KE o2 eV, the behavior
of photoelectrons is observed to be material dependent.

Experimental methods

Size-selected, core–shell nanoparticles of a specific composi-
tion are generated using a method that has been previously
described.36 The experimental setup is shown in Fig. 1. Briefly,
an aqueous solution of the core material (either potassium
iodide or sodium chloride) is first atomized and dried over
silica gel to a relative humidity (RH) o15%. This yields a stream
of polydisperse, solid particles, which are then size-selected using
a scanning mobility particle sizer (SMPS, TSI Inc.). The core
diameters used in this experiment are 100, 150 and 200 nm. After
size selection, part of the aerosol flow is sampled by a condensa-
tion particle counter (CPC) to monitor particle number concen-
trations. The remaining flow passes through a charcoal denuder
to eliminate any unwanted volatile organic contaminants. The
core aerosol is then passed through a tube furnace containing

a pyrex tube with the coating material (i.e. liquid squalane).
The coating forms on the core via heterogeneous nucleation upon
exiting the heated section of the oven. The thickness of the
coating is controlled by varying the temperature of the oven,
and the size of the core–shell particle is measured using a second
SMPS. The coating thickness is determined from the difference in
diameter between aerosol that passes through the furnace and the
uncoated aerosol stream that bypasses the oven. Radial coating
widths vary from B1 to 9 nm with roughly �0.3 nm uncertainties
(Fig. S4, ESI†). This treatment assumes that the nanoparticles are
spherical, while in reality they most likely exist as rounded cubes.
Previous work studying electron impact ionization of organic
coated alkali halides using a similar coating technique found
the monolayer coating thickness for a liquid hydrocarbon to
be B0.7 nm.37 Because most measurements reported here have
coating thicknesses 40.7 nm, the aerosol particles are assumed
to be completely coated. Some systematic errors in the coating
thickness could exist due to the non-spherical nature of the
particles and the potential for non-uniform coating.

Photoemission from free aerosol particles is measured using
a VMI spectrometer (described previously).26 Three electrodes
in the spectrometer are tuned to achieve velocity mapping
conditions,38 where a projection of the nascent velocity
distribution of photoelectrons is imaged on a multi-channel
plate/phosphor detector with a CMOS camera. Photoelectron
images of coated aerosol are collected for 150 s, and sample
images at each coating thickness are collected in duplicate. The
photoemission images are converted to photoelectron spectra
using typical image processing techniques.39 As shown in
Fig. 2, the images are asymmetric due to the short absorption
length of vacuum ultraviolet light. As has been discussed
previously, this leads to preferential photoemission from the
front of the nanoparticle and shadowing of the back of the
particle.25,31,33 A discussion of the effect that image asymmetry
has on the extracted KE spectra is included in the ESI.† Images
from the uncoated core are collected after each coating thickness,
and the photoelectron spectra from the uncoated core are used to
normalize the coated signal for any drifts in instrument or particle
generation. Experiments were performed at the Chemical
Dynamics Beamline (9.0.2) at the Advanced Light Source,
Lawrence Berkeley National Lab.

Fig. 1 Schematic of the coating experimental setup. (DMA = differential mobility analyzer, CPC = condensation particle counter, SMPS = scanning
mobility particle sizer, VMI = velocity map imaging spectrometer.)
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To determine EALs in a coating, squalane is coated onto a KI
core and photoemission from the particles is measured as a
function of coating thickness. As the coating thickness increases,
the intensity of photoemission from the core material decreases
due to inelastic collisions. EALs of photoelectrons are determined
by tracking the decay of photoemission from the core as a function
of coating thickness. KI is chosen as the core material due to its low
ionization threshold (6.8 eV)40 compared to squalane (8.4 eV).41

Fig. 2 shows the KE distribution of photoelectrons from pure,
monodispersed KI nanoparticles (diameter, Dp = 150 nm,
B104 particles per cm3) and pure, polydisperse squalane nano-
particles (Dp B 220 nm, B106 particles per cm3). The KE of
photoelectrons from KI extends to higher energies than that of
squalane due to the difference in threshold energies. The absolute
photoemission intensity from squalane is very small compared
to that of KI. Measurable photoemission intensities from pure
squalane nanoparticles could only be recorded using a poly-
disperse aerosol distribution, which has B100� more particles
than the size selected KI flow (Fig. 2). Since the amount of squalane
coating the KI core is only a small fraction of the squalane in the
polydisperse flow, photoemission from squalane is not observable
in the experiments to determine EAL. Even so, when determining
EALs, we only measured KEs that are large enough to ensure there
is no photoemission contribution from squalane. To cover a large
range of KEs, photoemission from the core shell nanoparticles is
measured at five different photon energies: 8.5, 9, 10, 11, and 12 eV.
Photoemission at higher photon energies is not collected due to the
interference with water vapor (IE = 12.6 eV).

Results and analysis

Fig. 3a–e shows photoemission from KI nanoparticles as a
function of squalane coating thicknesses at incident photon

energies of 8.5, 9, 10, 11, and 12 eV. The initial shape of the
uncoated photoemission spectrum (black lines in Fig. 3) is
determined by the photoionization cross-section of KI at these
various energies. At the energies used in this study, the photo-
electrons originate from the I 5p state.40 As the coating thickness
increases, two things are readily apparent from these spectra:
(i) the intensity of the signal decreases with increasing coating
thickness and (ii) there appears to be shift of the peak energy
with increasing coating thickness. This first observation is due to
the inelastic collisions of electrons inside the squalane shell. The
latter observation can be attributed to the production of low KE
electrons from inelastic collisions.12 If electrons do not lose all of
their KE when they inelastically collide, they can still escape
from the particle. In this case, the intensities at lower energies
would appear to decay slower because as the shell thickness
increases, a portion of their intensities would come from higher
KE electrons that have undergone inelastic collisions. To mini-
mize the effects from the cascade to lower energy, a ‘‘top most
interval’’ analysis is employed and only the highest energy
electrons (those within B0.5 eV of the largest KE in the initial
spectra) are used to determine EALs. Fig. 4 shows the normalized
photoemission intensity at 1.1 and 4.4 eV KE from the 8.5 and
12 eV spectra, respectively. If the EAL in squalane was indepen-
dent of energy, these curves would have the same decay constant.

By definition, the EAL is the coating thickness that results in
a 1/e decrease in signal compared to an uncoated substrate.
Thus, the photoemission intensity from the core at a specific
energy, I(E, d), is measured as a function of coating thickness, d:

I E; dð Þ ¼ I E; 0ð Þe�
yeðdÞ
LeðEÞ; (1)

where I(E, 0) is the initial photoemission intensity at energy E
without any coating, ye(d) is the distance the electron must travel
through at a given coating thickness, and Le(E) is the EAL at
energy E. As the coating thickness increases, an increasing
amount of the incident light is absorbed by the coating. Thus,
eqn (1) is modified to include the decrease in photon intensity
that reaches the core due to the increased coating absorption:

I E; dð Þ ¼ I E; 0ð Þe�
yn dð Þ
Ln

� �
e
� yeðdÞ
LeðEÞ: (2)

In eqn (2), Ln is the attenuation length of light in the coating and
yn(d) is distance light travels through at a given coating thickness
before encountering the core. At a given photon energy, Ln is
equal to l/4pk, where l is the wavelength of the incident light
and k is the imaginary component of the refractive index of the
coating material. Table S1 (ESI†) shows the energy-dependent
k values of squalane and the associated attenuation length of
light, Ln, at the energies we measured.42 While uncertainties in
k values used in this study were not reported,42 as will be
discussed later, the calculated absorption lengths are generally
larger than the measured EALs, which makes eqn (2) insensitive
to changes in Ln.

For the case of a flat surface, the escape length of electrons
and penetration length of light is equal to the coating thickness
(i.e. yn(d) = ye(d) = d). Surface curvature has previously been used

Fig. 2 Photoemission spectra of monodispersed KI and polydisperse
squalane nanoparticles. The incident photon energy is 11 eV. The insets
on the left and right show the images that correspond to the squalane and
KI photoemission spectra, respectively. Despite similar intensities, the
squalane nanoparticle spectrum is obtained using B100� more material
than the KI nanoparticle spectrum. Because squalane has a lower ioniza-
tion cross-section and a higher threshold energy than KI, squalane
photoemission does not interfere with the decay of KI photoemission
intensity at the higher KEs.
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to explain photoemission from nanoparticles33 and electron
impact charging of nanoparticles.37 Because the thickness of

the shell is much smaller than the particle radius, surface
curvature is negligible on the scale of electron scattering and
coating thickness closely resembles the overlayer thickness in
the EAL definition. Thus, the radial coating thickness (d) is
used to describe distance electrons must escape at each shell
thickness. However, as shown in Fig. 5, the distance the photon
travels through the coating will only be equal to the coating
thickness when the photon enters the core shell nanoparticle
normal to its surface. From the geometries shown in Fig. 5, it
can be shown that the distance a photon must travel through
the coating to reach the core, y(d, y), is:

y d; yð Þ ¼ Rþ dð Þ cos½bðyÞ� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðRþ dÞ2 sin2½bðyÞ�

q
; (3)

where R is the radius of the core and b(y) is the refracted angle
between the incident light and the particle surface. The refracted

Fig. 3 Photoemission spectra of KI-squalane core–shell nanoparticles
with varying squalane shell thicknesses. Spectra were collected at incident
photon energies of 8.5 eV (a), 9 eV (b), 10 eV (c), 11 eV (d), and 12 eV (e).
Note: the side band is missing in the 12 eV spectrum due to large gas phase
background at low KE caused by higher harmonics from beamline 9.0.2.

Fig. 4 Normalized intensity at 1.2 and 4.5 eV KE from the 8.5 and 12 eV
photoemission spectra, respectively. EAL are extracted from the decay of KI
photoemission intensity at different KEs using eqn (6). An energy dependence
in the EAL in squalane results in differences in the decay rates at different KEs.

Fig. 5 Diagram showing the geometry of light entering the core through
the squalane layer.
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angle is determined using Snell’s law with the previously mea-
sured refractive indices in squalane.42 Previous work by Ziemann
et al.37 has shown that the probability, g(y)dy, a photon enters
the particle at an angle between y and dy is:

g(y)dy = 2phdh/pR2 = 2sin ycos ydy, (4)

where h is defined in Fig. 5. The average attenuation of light

as it travels through the coating, e
�yn dð Þ

Ln

� �
, before striking the

core is given by:

e
�yn dð Þ

Ln

� �
¼
ðp=2
0

e
y d;yð Þ
Ln g yð Þdy: (5)

This integral does not have an exact solution and is solved
numerically at each coating thickness. EALs are determined by

using eqn (5) to describe e
�yn dð Þ

Ln

� �
and fitting the normalized

intensity plots (e.g. Fig. 4) at each KE to the following:

I E; dð Þ
I0 E; 0ð Þ ¼ a e

�yn dð Þ
Ln

� �
e
� d
LeðEÞ; (6)

where a is a fitting parameter that is constrained to be less than
one.14 As the core particles are coated by a squalane shell, there
is some probability that electrons can be scattered back into the
core. Thus, the intensity from the uncoated aerosol is not used
in the fit, and a accounts for the diminished number of electrons
that enter the shell due to interfacial scattering (Fig. 4).

The EALs calculated from the five different photon energies
are given in Table 1. This energy range provides measurements
of electron attenuation from electrons with 1.1 to 4.4 eV KE. In
general, at KE 42 eV, the EAL is determined to be 3–5 nm and
does not appear to be a strong function of energy. At lower KE,
the EAL increases, and at KE o 2 eV, it is 415 nm.

Because the uncertainties in k are not previously reported,42

the sensitivity of eqn (6) to changes in the attenuation length of
light was evaluated by applying a �20% error to k and deter-
mining the resulting change in computed EALs. At a photon
energy of 11 eV, the EAL of electrons with 3.4 � 0.2 eV KE was
calculated to be 3.8 � 1.0 nm using k = 0.7 and Ln = 12.8 nm.
If k changes to 0.56 and 0.84 (a �20% and +20% error), the
measured EAL at 3.4 eV changes to 3.5 and 4.0 nm, respectively.
These differences are smaller than the uncertainty in the
original measurement and show that the model does not have
a strong sensitivity to changes in k because the EAL is generally
significantly shorter than Ln.

Furthermore, because the dimensions of the particle are on
the order of the wavelength of light, an accurate description of
the intensity in the core would require full Mie scattering
calculations. To provide a minimum for the reported EALs,
we removed the absorption of light by the shell (i.e. constrained

e
�yn dð Þ

Ln

� �
¼ 1 in eqn (6)), and assumed the attenuation of

signal with increased coating thicknesses arose only from
inelastic scattering of electrons. This treatment had the result
of lowering the EALs by roughly 20–30% and represents a
potential systematic error from the data analysis.

Finally, to confirm the measured EALs are specific to the
squalane coating and are not dependent on the experimental
approach, the size and material of the core were varied. Table
S2 (ESI†) shows the EALs in squalane measured with different
sized KI cores (100 nm, 150 nm and 200 nm). Additionally,
Table S2 (ESI†) shows the EALs in squalane using both a KI and
NaCl core. While the NaCl photoemission spectra are slightly
complicated by squalane photoemission (the ionization thres-
holds of KI, NaCl and squalane are 6.8, 8.2 and 8.4 eV,
respectively),40,41 the general agreement in escape lengths
suggests the observed EALs are specific to the properties of
the squalane shell.

Discussion

The EALs in squalane measured in this study range from
3.3 nm at 4.4 eV to 15.6 nm at 1.1 eV. As shown in Table 1,
the EALs are roughly constant (B3–5 nm) when KE 4 2 eV.
However, when KE o 2 eV, the attenuation lengths increase
to 415 nm. Low energy EALs in solid organic films have
previously been measured by monitoring electron transmission
currents through films of different thicknesses.13–17,19,43

Energy-resolved EALs in n-C36H74 were collected by scanning
the incident photon energy on a Pt substrate and changing the
film thickness (data shown in Fig. 6).16,17 The measured
attenuation lengths of 2–5 eV electrons in n-C36H74 are B3–5 nm,
which are in good agreement with the attenuation lengths reported
here for squalane (also 3–5 nm for a similar energy range). However,
when the KE is o2 eV, the EALs in n-C36H74 remain constant
(B2.5 nm),16 which differs from the measurements for squalane
reported here. At low photoelectron energies, Pfluger et al.
describe phonon excitation associated with the C–H stretching
mode as the primary energy-loss scattering source.19 However,
Cartier et al. mention that at lower KE, the measured EALs varied
with experimental conditions and the length of time a sample
was irradiated due to a changing number of trap states.16

Because the VMI spectrometer constantly probes a new surface,
we don’t expect a similar ‘‘history’’ effect in our experiments. The
first studies looking at transmission of low energy electrons
through organic films were not energy-resolved, and thus only an
average ‘‘low energy’’ (o3 eV) EAL was measured. The reported
attenuation lengths (generally 10–100s of Å) are extremely
dependent on film composition.13–15,20,43 For example, low
energy electrons (o3 eV) had EALs of 7.5 and 80 nm in films

Table 1 Experimental measurement of the energy dependence of the
EAL in squalane. The errors represent uncertainties in the fit to eqn (6) (�1 s).
Possible systematic errors are discussed in the text

Kinetic energy (eV) EAL (nm)

1.1 � 0.2 15.6 � 3.1
2.1 � 0.2 4.4 � 2.1
2.9 � 0.2 2.4 � 0.4
3.4 � 0.2 3.8 � 1.0
4.4 � 0.2 3.3 � 0.4
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composed of pentacene and perylene, respectively.20 Addition-
ally, experiments looking at low energy electron transmission in
methane44 and krypton45 films show IMFPs (and thus EALs) that
increase at electron KE o 2 eV (from 2 nm at 3 eV to 5 nm at
1.7 eV). These studies suggest that at lower KE, there is a
corresponding lower density of states and thus fewer possible
modes to deposit energy in a given scattering event. Thus, based
on the large variability of previously reported EALs, the low KE
(o3 eV) EAL appear to be extremely sensitive to the electronic
structure of the material.

A very recent study also examined the photoemission from
core–shell nanoparticles and estimated the EAL of photoelectrons
with 0.5–1.0 eV KE using a total electron yield (TEY) measurement.
For thin and thick shells of squalane, they report EALs of 8.0� 0.5
and 30� 3 nm, respectively.46 The EAL reported here for a similar
energy range (15.6 nm for 1.1� 0.2 eV electrons) falls between the
two values reported by Amanatidis et al.46 For a direct comparison
with these previous results, TEY of the core is measured as a
function of coating thickness at each photon energy. Because TEY
combines the photoemission intensity of many different KEs,
EALs cannot be directly extracted from this measurement.
Instead, the decrease in TEY signal is fit to eqn (6) to determine
an average attenuation coefficient. The average attenuation coeffi-
cients are presented in the ESI† (Table S3). The work of Amana-
tidis et al. uses a two photon (266 nm) ionization scheme, which
results in B9.3 eV radiation. The core material (sodium benzoate)
used by Amanatidis et al. has a different ionization threshold
(B7.5 eV)46 than the KI core here (6.8 eV).40 Thus, the TEY
measurements at the specific photon energies are not directly
comparable because the KE of the photoelectrons differ. However,
the TEY measurements at 8.5 and 9 eV (which result in a KE
spectra closest to that of Amanatidis et al.) yield average electron

attenuation coefficients of 18.8 � 5.1 nm and 4.9 � 1.8 nm,
respectively. These average attenuation coefficients bound the
thin shell EAL reported by Amanatidis et al. and suggest the TEY
measurements are very sensitive to the incident photon energy.

As a further means of comparison, there is an increasing
body of evidence suggesting the EAL in liquid water approaches
a constant value at low KEs.21–23,47 The lowest energy EAL
reported by Suzuki et al.23 (3.02 � 0.46 nm at 5 eV) as well as
that reported by Buchner et al.47 (5 nm at 4.65 eV) are in
reasonable agreement with the measurements reported here.
Additionally, recent work by Signorell et al. using angle resolved
photoelectron spectroscopy of aqueous nanoparticles extracted
the IMFP and EAL of low kinetic energy photoelectrons.25 The
EAL of electrons with 3 eV KE in water is reported to be 3.9 nm,
which is in good agreement with the results reported here.
However, at lower KEs (o3 eV), Signorell et al. reports a
decrease in the EAL, which is attributed to an increase in purely
vibrational scattering.25

Shown in Fig. 6 is a comparison of previously published
energy-resolved EAL (and IMFP) measurements for covalently
bonded, soft materials and water. Shown in this Figure are
EALs (up to 25 eV) for carbon containing species,16,44,46,48

liquid water22,23,25,47 and solid water.49 As noted above, there
is significant scatter in measurements of the EAL at very low KE
(o2 eV) where the EALs are expected to be much more material
specific. However, a common feature for all measurements is
the consistency of EALs for electrons with 42 eV KE. Based on
the results shown in Fig. 6, it appears that (to some extent) low
KE electrons in covalently bonded, soft materials have equally
short EALs and are as surface sensitive as electrons with larger
KE. These results have consequences for future photoemission
experiments that utilize electron KE to obtain depth profiles. For
example, these data suggest that depth profiling photoemission
experiments most likely cannot be performed by moving the KE
of photoelectrons to lower energy without explicitly measuring
the energy dependence of very low KE photoelectrons.

Conclusion

In this paper, we have used a VMI spectrometer to probe
photoemission from free core–shell nanoparticles. The VMI
spectrometer detects all electrons that are emitted from the
nanoparticles. By changing the thickness of the shell we have
determined the low energy EAL in squalane. At very low kinetic
energy (o2 eV), the EAL in squalane is 415 nm. At slightly
larger kinetic energies (42 eV), the EAL drops to 3–5 nm.
Together with other energy resolved EALs in covalently bonded
materials, these results suggest that the attenuation lengths of
electrons with 42 eV KE do not change with increasing kinetic
energy. This finding suggests that these low energy electrons
are equally surface sensitive as higher KE photoelectrons. The
energy dependence of EALs for electrons with KE o2 eV appear
to be highly material specific.

The use of core–shell aerosol particles to determine EALs is
limited when performed using VUV radiation (due to the absorption

Fig. 6 Collection of energy-resolved, low energy EAL in soft materials.
The measurements from this work are given by the magenta triangles.
Error bars represent �1 s. The green and red dashed lines represent EALs in
paraffin, n-C36H74 (Cartier et al.16,17) and IMFPs in methane (Jay-Gerin
et al.45) films, respectively. The red squares represent the EAL in thick (top)
and thin (bottom) squalane layers (Amanatidis et al.46). The blue triangles
represent EALs measured in a free standing carbon film (Martin et al.48).
The black symbols represent EALs in liquid water from aerosol particles
(circles, Signorell et al.25) and liquid jets (diamonds, Suzuki et al.;23 square,
Thurmer et al.;22 star, Buchner et al.47). The pentagons represent EALs in
solid water (Michaud and Sanche49). At energies 42 eV, the EAL all remain
fairly constant.
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of light by the shell material). However, this technique appears to
have more promise and applicability at higher energies (such as soft
X-rays) where the light penetration lengths are larger (i.e. light
absorption by the shell can be neglected) and the spectral features
(core–shell excitation) are more defined.
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